Abstract The transfer matrix method is used to study the effect of the permittivity profile on the reflectivity of a one dimensional plasma photonic crystal having exponentially graded material. The analysis shows that the proposed structure works as a perfect mirror within a certain frequency range. These frequency ranges can be completely controlled by the permittivity profile of a graded dielectric layer. As expected we observed that these frequency ranges are also controlled by plasma parameters.
Introduction
Recently, binary one-dimensional plasma photonic crystals (1D-PPCs) have drawn much attention due to their wide range of applications in the area of optics and microwave instrumentation. These PPCs are periodic layers of plasma and homogeneous dielectric materials which can exhibit photonic band gaps (PBGs) in the electromagnetic spectrum analogous to the formation of electronic band gaps in semiconductors. The concept of PPCs was proposed for the first time by HOJO et al. [1] , who showed that the existence of PBGs in such a structure can be controlled by the plasma density and filling factor. LAXMI et al. [2] studied photonic band gap in 1D-PPCs and discussed transmission properties of 1D-PPCs in terms of number of unit cells, thickness, and density of plasma layers using transfer matrix method. OJHA et al. [3] studied electromagnetic (EM) wave propagation in plasma photonic band gap materials and found that PPCs structure works as a perfect reflector/mirror in a certain range of frequency. HOJO et al. [4] have demonstrated that introduction of a defect in PPCs leads to a different transmittance profile which depends on plasma density. S. LI et al. [5, 6] have simulated the propagation of electromagnetic waves in 1D-PPCs and have analyzed the effect of plasma parameters, number of periods and introduced layered defect on reflection and transmission coefficients. Recently, PRASAD et al. [7, 8] have investigated modal propagation characteristics of ternary 1D-PPCs structures and have shown that the plasma frequency, plasma width and dielectric constant of dielectric media have influence on band gap, group index, group velocity and phase velocity of such photonic crystals.
In most of the works discussed above related to PPCs, the band gaps are controlled by plasma parameters like plasma density, plasma frequency, relative plasma width but these parameters have their limitations viz. we cannot vary plasma density much. However, we know that PPCs having exponentially graded dielectric materials have also the ability to control the band gaps [9, 10] . Therefore, in the present work, we take a graded dielectric layer having exponentially varying permittivity with space in the place of an homogeneous dielectric layer in 1D-PPCs to obtain and control the desired reflection spectra for various applications. Here, we choose an exponential graded profile of spacevarying permittivity because this type of profile can be explicitly solved in terms of the Bessel functions.
Theoretical modeling
The proposed binary 1D-PPCs consist of a plasma layer and a graded dielectric layer in one unit cell as shown in Fig. 1(a) . The permittivity in the graded dielectric layer is assumed to be exponentially varying with space in a direction perpendicular to the interface plane of layers. In this study, we consider nonmagnetic materials for both plasma and exponentially graded dielectric regions. The permittivity profile in a unit cell is written as
with the condition that ε (ω, x) = ε (ω, x + Λ), where Λ = a + b with a and b being widths of plasma and graded dielectric layers, as shown in Fig. 1(a) . Here ω pe = e 2 n p ε 0 m is the electron plasma frequency, n p is density of plasma, β = 1 b ln ε b α with α and ε b being the initial and final values of permittivity of the graded dielectric layer at boundaries x = 0 and x = b, respectively. The one dimensional wave equations for both layers for normal incidence in the nth unit cell can be written
By solving the above wave Eq. (2), the solution of the electric field in the nth unit cell for ω > ω pe is written as
where
Here J 0 and Y 0 are the zeroth order Bessel functions of the first kind and second kind, respectively.
Imposing the continuity of electric field E(x) and
(n − 1)Λ + b and arranging coefficients a n−1 , b n−1 , a n and b n by the transfer matrix method [11] , we can obtain the following matrix relation:
Here the translation matrix elements A, B, C and D are as follows:
The matrix in Eq. (4) is the unit translation matrix which relates the complex wave amplitudes of the incident wave and the reflected wave in the (n − 1)th unit cell to respective amplitudes in the nth unit cell.
According to Floquet Theorem, a wave propagating in a spatially periodic medium having a form
, should satisfy a periodic boundary condition in E k (x) with period Λ, that is, E k (x + Λ) = E k (x). Hence, the dispersion relation [11] for the proposed structure can be written as
Here K is the Bloch wave number. Suppose there are N unit cells in the proposed structure, then we can rewrite Eq. (4) as:
Now, the coefficient of reflection of the structure can be derived by using the relation:
Here a 0 and b 0 represent the complex amplitudes of incident and reflected waves, and the condition b n = 0 implies the boundary condition that to the right of the periodic structure there is no wave reflected on the structure. After simplifying this equation, the coefficient of reflection can be expressed as:
where U N = sin(N + 1)KΛ/sin KΛ.
Hence, the reflectivity of the proposed structure can be expressed as
3 Results and discussion
The reflection spectra of a 1D-PPC having an exponentially graded dielectric material in each unit cell for different sets of parameters selected have been calculated and the effect of the plasma frequency, slope of permittivity profile, width of dielectric layer and number of unit cells have been studied. In the proposed structure, each unit cell consists of a plasma layer of width a having frequency dependent permittivity ε = 1 − ω 2 pe ω 2 and a graded dielectric layer of width b with permittivity ε(x) = αe βx which varies in a direction perpendicular to the interface. Fig. 1(b) shows the permittivity profile in the graded dielectric layer in which two sets of values for α and ε b are selected. The value of α=10, ε b = 2.04 (solid line) and α=6, ε b =4.13 (dotted line) are chosen in such a way that the averaged volume permittivity remains constant. Here, b = d×a, and d is a constant related to the width of the graded layer (for d = 1, a = b) . Also, we consider the normalized plasma frequency (P = ω pe a/c) the normalized frequency ωa/c, where ω pe is 6×10
10 per second for P =0.1 and ω pe is 1.1×10
11 per second for P =0.2, c is the velocity of light in vacuum and N being the number of unit cells. We note that there are six parameters, namely, P, a, d, α, ε b and N that can be selected, which are involved in the numerical calculation.
The variation of reflectivity (Rf ) with normalized frequency for P = 0.1, a=500 µm, d = 1, N = 3 with α=10, ε b =2.04 and α=6, ε b =4.13 are shown in Fig. 2 , which shows the effect of the slope of the permittivity in the graded dielectric layer on the reflectivity. For a sharply varying permittivity (solid line), we get the completely reflected band in the frequency range of 0.20∼0.27, 0.38∼0.56, 0.66∼0.86 and 0.93∼1.0 while for a slowly varying permittivity (dotted line), there is no completely reflected band in the given frequency range. Therefore, reflectivity is improved and the number of completely reflected bands increases for a sharply varying permittivity in the dielectric layer. This is due to the fact that the graded layer can be assumed to split into a number of layers and there exist many consecutive interfaces. For the sharply varying profile in the graded layer the permittivity contrast at the interfaces is high, so the Bragg reflection is large. The effect of the variation of the width of the graded dielectric layer on the reflectivity is shown in Fig. 3 . In this figure, we take the value of d=0.1 for both permittivity profiles in the graded dielectric layer. It is found that for the sharp permittivity profile index (solid line) of the graded dielectric layer, the structure works as a perfect mirror in the given frequency range except for some very narrow frequency ranges. These points are approximately at 0.30 and 0.88 in the frequency range considered. The completely reflected bands also occur for a slowly varying permittivity (dotted line) in the frequency range of 0.35∼1.0. By comparing Fig. 3 with Fig. 2 , it is clear that for thinner graded dielectric layers, the width of completely reflected bands increases for both considered permittivity profiles under the given frequency range. Fig. 4 shows the variation of reflectivity with normalized frequency for the considered structure for P =0.1, a=500 µm, d=1 with α=6, ε b =4.13, N =3 and N =10. It is clear from this figure that for N =3 there is no completely reflected band whereas for N =10, we get completely reflected bands in the frequency range of 0.53∼0.84. Again, Fig. 5 shows the variation of reflectivity with normalized frequency for P = 0.2, a=500 µm, d=1, N =3 with α=10, ε b =2.04 (solid line) and α=6, ε b =4.13 (dotted line). From this figure, the effect of plasma frequency or plasma width on the reflectivity of the structure can be easily understood. It is observed that with increase of plasma frequency, the completely reflected bands get improved for both types of permittivity profile of the graded dielectric layer. 
Conclusion
The reflection spectra of 1D-PPCs having exponentially graded materials are studied. An expression for the reflectivity of the considered structure is derived using the transfer matrix method, and the related wave equations are solved by employing the continuity conditions of the electric fields and its derivatives. It is found that with an increase in the slope of spatially varying permittivity of a graded dielectric layer with constant average volume permittivity, the number of completely reflected bands increases. The structure acts as a perfect mirror for a wide range of normalized frequency by considering a thinner graded dielectric layer. It is observed that the increase in the number of unit cells improves the reflectivity but the width of the completely reflected bands remains almost unchanged. This analysis shows that the width and number of completely reflected bands are also controlled by the plasma parameters.
